Growth defects in a natural Brazilian single crystal of beryl have been studied by X-ray topography, optical microscopy and electron microprobe. The distribution and configuration of channels and dislocations are both very different from those previously observed in other crystals and can be correlated with a 'horseshoe' growth in a pegmatic medium. This was confirmed by the analysis of inclusions which allowed us to estimate the limits of temperature and pressure ranges in the genetic medium.
I. Introduction
Topographic studies of defects in natural crystals lead to interesting hypotheses concerning the growth of minerals (Lang, 1974; Phakey & Leonard, 1970; Giacovazzo, Scandale & Zarka, 1975) . This type of study permits one to elaborate models in the growth history, thus demonstrating the mineralogical interest of this approach. The logical development is to derive correlation between this kind of result and the thermodynamical data concerning the genetic medium of the studied minerals. With this in mind, we have studied a crystal of beryl from Brazil, in which the defects presented configurations very different from those previously observed (Scandale, Scordari & Zarka, 1979a, b) . The results of this work show how the examination of samples by X-ray topography coupled with other research techniques, such as optical microscopy and electron microprobe, for instance, provides the desired correlations, even when geological and petrographic data concerning the origin of the sample are totally missing. The investigated sample was kindly provided by Professor T. G. Sahama (1966) . Unfortunately, its origin (geological and petrographic context of the pr~l~vement) was not given. * Permanent address: Istituto di Mineralogia e Petrografia, Universit/~ di Bari, Bari, Italy.
II. Experimental observations

Observations of lattice defects by X-ray topography
2.1.1. Topographs of basal slices of the sample. The crystal has the form of a hexagonal prism limited by a (0001) face. Some slices were cut normal to the optical axis and prepared as described previously (Scandale, Scordari & Zarka, 1979a) . The topographs (Lang, 1957 (Lang, , 1959 were obtained with the K~I radiation of molybdenum. We present, respectively, in Figs. 1 and 2, an optical micrograph (taken between crossed polaroids) and a topograph (reflexion 10-i0) of a basal slice. The optical photograph presents, apart from the crack, which appeared after the topograph was taken, a very variable birefringence within the different regions of the crystal. We note distorted areas associated with channels, but also, in A and B, regions where the contrast is quite different from the rest of the slice. The corresponding topograph (Fig. 2) presents the same inhomogenity. The channels and dislocations (D in Fig.  2 ) are distributed quite uniformly in the crystal, in different regions which show different reflecting powers. In A, the diffracted intensity is stronger than the background. On the contrary, in B, we note several zones out of contrast. These regions are bounded by faces with crystallographic orientations. We can also see at F some limits with indefinite contours, which are more or less clearly visible in the whole sample. Finally, we shall concentrate on the contrast observed at L, where the dislocations of basal type (Scandale, Scordari & Zarka, 1979a) are present. Indeed, the bundles located at both sides of the limit L have a very particular configuration. On the enlargement of this zone presented in Fig. 3 , we note two sets of dislocation bundles initiated at the limits L1 and L2, localized on both sides of the limit L. In the classical case, the bundles of dislocations created after the stop and start of growth at the location of solid inclusions develop into 'fans' of lines oriented in such a way that the growth normal is included between the extreme directions of these lines. On the contrary, here, the two series of bundles G1 and G2 are oriented in opposite senses The first topograph corresponds to a basal slice of a Brazilian beryl crystal representative of the previously studied crystals (Scandale, Scordari & Zarka, 1979b) . The second topograph (reflexion 21-31) was taken on the same slice as in Fig. 2 .
The first crystal shows basal dislocations in well defined growth sectors. Stop and start stages were produced in an otherwise very simple growth: the crystal has developed from a central seed, layer after layer, following the {10i0} prism faces which are the most important ones in the beryl habit.
On the contrary, the nature, the density and the distribution of the defects which are observed in the crystal in Fig. 2 and Fig. 6 are very different. Actually, it is possible to observe the presence of strongly misoriented areas (labelled B), whose different contrast in the various reflections shows the nearly poly-• crystalline nature of the sample. It is also possible to observe the boundaries F that separate the different grains with imperfect coherency, the L zone in which a few basal dislocations are present, together with a high density of channels (Fig. 2 ). An important feature is the absence of growth bands and growth sectors which are very frequent in good natural single crystals. It seems, consequently, very clear that the growth conditions of these two types of sample are quite different. In the first case, we are dealing with a nearly perfect growth, while, in the second case, a very irregular growth has eventually led to a hexagonal prism. In spite of that, it is impossible to reconstruct completely the growth history of this crystal. From the study of the defect content, it is possible to deduce that its development was made by several (either successive or simultaneous) fluxes of matter. These fluxes of matter created grains and empty zones. A model of this development is given in Fig. 7 . The F boundaries underline, then, the junctions among these more or less misoriented 'grains'. This type of growth, in which successive healings and progressive recoveries of the prism faces take place is in good agreement with the observations of different regions and in particular with the L zone.
Optical observations of the defects: channels, inclusions
2.2.1. Materials and methods. Two slices referred to A Fig. 1 . Beryl from Brazil. Basal slice. Optical photograph of the whole sample between crossed Nicol prisms. Notice the zones A and B and localized contrast due to channels at D. The fracture C was produced after the topographic study. Fig. 2 . X-ray topograph of the same slice. 1010 reflexion. Strong contrasts at A and D are due respectively to some very distorted regions and to channels. We note also boundaries F with poorly defined outlines and a zone L where dislocation bundles created at LI and L2 are terminated. B, B', E are different zones out of contrast.
and B, respectively parallel and nearly perpendicular to the [0001] axis, have been studied. Slice A contains numerous channels whose width decreases from the outside to the inside. Actually, the 'funnel' conformation of these channels (parallel to the [0001] axis) progressively changes until it reaches hexagonal cross section (Fig. 8) . In addition, most of the channels are partially filled with crystalline materials.
Slice B shows, of course, the same channels (very fine and still parallel to the [0001] axis), but, above all, numerous mineral inclusions (Fig. 9) .
The optical observations have been made on thin sections employing polarized light, by means of a universal stage. The inclusion characterizations were performed by electron microprobe analysis, using natural and artificial standards. The matrix corrections have been produced with the EMPADR VII program (Rucklidge & Gasparrini, 1969) . The total Fe content has been calculated as being FeO. The weight loss by calcination has not been attempted because it was impossible to isolate single inclusions.
2.2.2. Results. The optical observation of the slice A shows that small crystals (0.06 x 0.03 mm) are contained within the channels and that their Optical characteristics are very similar to the optical characteristics of the host crystal. These small crystals are randomly oriented. Besides, the inner surface of the channels often shows a reddish colour.
The analysis of these small crystals by electron microprobe shows the presence of Si and A1 and of other elements in identical proportion to those of a beryl crystal. The agreement between the optical observations and the chemical analysis shows that the mentioned crystalline material is always beryl. The Fig. 3 . Enlargement of the L zone of the topograph presented in Fig. 2 .
The fans of the dislocations G~ and G2 are face to face. The growth developed in two phases following al and n 2 from the Lt and L2 limits. The junction of these two zones was made on the L limit.
G2 /
L 2 L L 1 Fig. 4 . Schematic explanation of topograph 3. reflexion. Three growth zones are denoted as A, B and C. We remark at G~, G2 and Ga dislocation bundles originating at inclusions and oriented towards the external part of the crystal. We may also check regular development of the hexagonal prism by viewing the growth bands in each growth sector. ' " ~;:~'~.+ , -~f -t'+, Fig. 9 . Beryl from Brazil. Slice cut inclined to [0001] . Micrograph obtained by optical microscopy. We note numerous channels, some of which are internally coated by hydrated iron oxide and appear opaque.
have been performed on the inclusions are summarized in Table 1 . The observation of the basal pinacoid also reveals the presence of light-brown hexagonal thin plates whose diameter is up to 100 pm and whole thickness approaches 40/~m. These lamellar crystals are oriented with sides parallel to the { 10-i0} prism faces of the host beryl. The chemical composition allows one to identify them as muscovite crystals with a 30 mol~ content of paragonite.
Furthermore, small needle crystals (0.01 x0.1 mm) have been detected, with a grey-greenish colour, uniaxial negative, with a high birefringence and with a refractive index greater than beryl's. The chemical composition allows one to deduce that they are apatite crystals. The F content, considerably larger than the low C1 content, indicates that they are fluoroapatite crystals, with CI atoms as impurities.
Other crystals (0.05 x 0.03 mm), with bright faces and a refractive index lower than that of the beryl, have been identified. The value of the angle between the optical axes, 2V, has been evaluated as 25 °. The electron microprobe analysis allows one to consider this mineral as belonging to the albite-orthoclase series with 74.5~o KA1Si308 and 24.9~ NaA1Si308. The Ca content, present as a solid solution (0.6~o), demonstrates that the mineral is a pure feldspar with a chemical composition near to the composition of the orthoclase.
Finally, a last mineral with crystals with bright faces and with diameters up to 200 pm has been detected. These crystals are uniaxial positive with a refractive index lower than that of beryl. The analysis indicates that they consist mainly of SiO2 (99-43~o) with traces of other oxides. In agreement with the optical observations it is possible to assert that those are quartz crystals.
2.2.3. Hypothesis about the growth environment. The common feature of the analyzed slices is the presence of channels with a very characteristic appearance (Fig. 8) . The morphological change from conical to hexagonal shape within the same channel shows that this conformation is due to corrosive solutions: the action of Number of ions This reaction is possible within a very limited range of temperature (983-1003 K) and under high pressure within the range 5.5-10× 10Spa (Winkler, 1976) . Consequently, it is possible to conclude that the examined beryl was developed in a pegmatic environment, slightly volatile. Finally, the presence inside the channels of microcrystals of secondary beryl and hydrated iron oxide allows one to think that the filling has been caused by hydrothermal solutions that filled the mineral after its formation (Barth, 1962) .
III. Discussion
From the results presented here, it is possible to explain the crystal growth using the model proposed by I. Ya. Dyad'Kina and reported by Grigoryev (1965) concerning the growth of a 'horseshoe' beryl. 'Under conditions of nonuniform metasomatic growth in a pegmatic vein, the crystal is shaped like a trough and in cross section exhibits a horseshoe shape. It was assumed that the trough-like crystals of beryl were nonuniformly developed, due to the direction of flow of solutions. The growth occurred mainly in the direction of the flow of solution, as well as on the sides which were in contact with it, resulting in the ultimate formation of the normal polyhedral crystal that is covered on all sides by prism faces. This scheme of growth of beryl, as presented by I. Ya. Dyad'Kina shows how the crystal includes relicts of the surrounding minerals during its development, a feature very characteristic of metasomatic formations.'
In our case, the temperatures and pressures of growth correspond to a pegmatic growth and the topographic information shows that the crystal has been created by subsequent aggregation of 'grains'. These grains, more or less misoriented, have been subsequently formed, and have filled the residual voids until a complete healing is achieved (see Fig. 3 ). We can actually see in the characteristic zone L (with the dislocation bundles in opposite senses) some grains more or less coherent and voids. The high density of defects did not allow us to build up the complete growth history of the crystal and to assert that the described model corresponds exactly to the investigated crystal but it seems in the present case that the development has been very similar.
IV. Conclusions
The observation and analysis of defects in slices of a sample of beryl from Brazil have allowed us to make some assumptions concerning the growth surrounding (pegmatic medium) by studying the inclusions, and also to put forward an uncommon growth mode for this type of mineral. Actually, the propositions reported by Grigoryev concerning beryls from pegmatic veins grown in metasomatic conditions, and leading to 'horseshoe' or healed polyhedral forms are in good agreement with our observations. The crystal defects observed by topography in the present work are quite different from those of natural crystals of good quality, generally grown in hydrothermal solutions at relatively low temperatures, which show well defined growth sectors. Two other examples have been already published by Beswick & Lang (1972) and Corny, Baronnet & Jourdan (1976) .
It seems, therefore, that the method of X-ray topography which allows one to build up completely, or at least partly, the growth history of natural crystals, can give useful answers to geological or mineralogical problems when applied to crystals whose growth conditions are known or may be indirectly deduced, as in our case.
